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Systematic trends connect detailed composition, lattice parameters and magnetic transition 
temperatures in the ferromagnetic intermetallic compound AlT2X2 with the Mn2AlB2-type crystal 
structure, where T = Mn, Fe, Ni, Co and X = B, C. Data were derived from both literature reports and 
from experiments performed on synthesized samples (T = (Fe1-xNix)2, x = 0, 0.05, 0.1; X = (B0.9C0.1)2). 
It is observed that compositional variation alters specific bonds responsible for the magnetic phase 
transition response, which ranges from 200 K ≤ Tt ≤ 310 K.  Elemental composition that provides 
changes in the c-axis length and the associated (T-T)c-axis interatomic distance contribute the largest 
bonding effects to magnetic phase transition temperature Tt, alterations. Overall, these results are 
attributed to the dependence of Tt on the specifics of the Fe sublattice occupancy, electronic state and 
T-T bonding. In contrast, Tt is found to be largely independent of the (b/a) axial ratios and the 
associated (T-X)b-axis/(T-X)(ac) -plane interatomic distance ratios, indicating that interatomic interactions 
along the a-axis have little effect on the Tt.
21. Introduction
Materials systems with strongly coupled structural and magnetic responses, sometime referred to as 
magnetostructural materials, allow the magnetic behavior to be tuned by structural modifications, 
expanding the responsiveness of their functional properties. Examples of such materials are the 
metamagnetic B2-type FeRh compound with a magnetic transition that is sensitive to applied pressure 
and elemental substitution, allowing the transition temperature to be altered from 140 K to 585 K [1–
3]. Another example is the iron-arsenide superconductor CaFe2As2, which undergoes a tetragonal-to-
orthorhombic phase transformation with a character that depends on the specific elemental substitution 
and on applied pressure to modify interatomic distances [4,5].
In this vein, intermetallic ferromagnetic compounds based on the prototypical orthorhombic Mn2AlB2-
type structure (identified as 1-2-2 materials in this work) have received attention as a viable 
magnetocaloric working material by virtue of its near-room-temperature magnetostructural phase 
transition (Tc ~ 290 K), inexpensive chemical constituents and good magnetic cooling potential (ΔS ~ 
4.4 J kg-1 K-1 @ μ0Happ = 2 T) [6–8]. While to date the estimated magnetic cooling potential of AlFe2B2 
is lower than those of other contemplated magnetocaloric compounds such as La(Fe,Mn,Si)13 (ΔS ~ 8-
24 J kg-1 K-1 @ μ0Happ = 2 T), Gd5Ge2Si2 (ΔS ~ 14 J kg-1 K-1@ μ0Happ = 2 T),  and MnFePSi (ΔS ~ 11-
31 J kg-1 K-1@ μ0Happ = 2 T), the mechanical stability, ease of production, and positive heat transfer 
characteristics donate continued interest in AlFe2B2-based compounds [9]. In this present study, we 
report new data and advance understanding to connect magnetism, bonding and composition in the 
AlT2X2 (T = Mn, Fe, Co, Ni; X = B, C) system. This work builds on earlier results that demonstrate a 
small but definite simultaneous change in the lattice and magnetic response of the AlFe2B2 system [8]. 
This knowledge allows prediction of structural and chemical conditions to trigger its inherent 
magnetostructural phase transition. This confirmed interplay between structure and response provides 
3flexibility to tailor the magnetic phase transition temperature of this system for potential application to 
a variety of magnetic cooling technologies [9,10].
A framework for correlating structural and magnetic properties of the AlT2X2 compound is constructed 
by examination of the bonding within the prototypical Mn2AlB2-type crystal structure, displayed in 
Figure 1 and described below.
          
Figure 1. The orthorhombic Cmmm-type crystal structure of Mn2AlB2 consists of layers of transition-
metal (T) trigonal prisms each containing a central X atom. T-X polyhedra are arranged in the (ac) 
plane and separated by an interface of Al atoms along the b-axis. Four key bonds labeled as 1 – 4 
denote the (T-T)b-axis, (T-T)c-axis, (T-X) b-axis, and (T-X)(ac) plane interatomic distances respectively and are 
further described in the text.
The orthorhombic Mn2AlB2-type crystal structure (space group Cmmm) consists of T2X2 layers within 
the (ac) plane interspersed with planes of Al atoms arranged along the uniaxial b-axis [11,12]. The 
T2X2 layer may be visualized as consisting of face-shared transition metal (T) trigonal prisms that 
surround central X atoms lying within the (ac) plane. The X atoms themselves form zig-zag chains 
within the (ac) plane, running through the center of the T trigonal prisms along the a direction [13–16]. 
It is asserted that the short lengths (~1.74 Å) of the X-X interatomic chains in AlFe2B2 are associated 
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4with strongly covalent interactions [11–15]. The T2X2 layer and its interactions with the Al planes of 
atoms can be understood more completely by examining the X coordination polyhedra, shown in blue 
in Figure 1. These larger polyhedra are comprised of the smaller trigonal transition metal (T) prisms 
described earlier and include two X atoms from the adjacent face-shared trigonal prisms and the central 
apical Al atom of the unit cell. As introduced by Daams et al. and adopted by Gulay et al. to describe 
bonding within the isostructural R2Ni2Pb compound, the coordination number (CN) of X is 9 [17,18]. 
While the X coordination polyhedra contain fewer atoms than do the Al (CN = 14) and T (CN = 17) 
coordination polyhedra, it displays the smallest interatomic distances, ranging from 1.74-2.29 Å, and 
hence possesses the largest degree of near-neighbor orbital overlap, consistent with strong interatomic 
interactions [15,17].
Four key (T-T) and (T-X) interatomic distances, denoted Bonds 1 – 4, are identified in Figure 1 and are 
illustrated by double-ended arrows. Bond 1, also described as (T-T)b-axis, is the length between the T 
atoms belonging to adjacent trigonal prisms that are oriented along the b-axis (across the Al atomic 
layer). Bond 2 ((T-T)c-axis) is identified with height of the trigonal prism along the c-axis, enclosing the 
X-X chains. Bond 3 ((T-X) b-axis) specifies the T-X interatomic distances within the X coordination 
polyhedra, linking the central X atom with the adjacent T atom along the b-axis direction. Finally, 
Bond 4 ((T-X)(ac) plane) specifies the distance from one of the T atoms lying on the edges of the 1-2-2 
unit cell to the central X atom within the same X coordination polyhedra.
The layered 1-2-2 crystal structure gives rise to anisotropic magnetostructural properties within the 
AlT2X2 system [8,19]. As reported previously by ElMassalami et al. and Ke et al., the T atoms 
predominately influence the magnetic properties of the 1-2-2 structure [6,20]. Previous work by the 
current authors reported that the AlFe2B2 parent compound undergoes an anisotropic, coupled 
structural and magnetic (magnetostructural) phase transition near the ferromagnetic-to-paramagnetic 
transition temperature (Tt ~ 290 K) [6,8]. This transition features non-uniform changes in the a-, b-, 
5and c-parameters that deliver a conserved unit cell volume [8]. A moderate magnetocrystalline 
anisotropy (K ~ 1 MJ m-3) is observed along the hard c-axis relative to that within the easy (ab)-plane 
[19,20].
The role of specific 3d transition-metal substitution for Fe on the crystal structure and magnetic phase 
transition of AlFe2B2 has been previously investigated [20–24]. Substitutions of Co and Mn are 
reported to lead to contraction and expansion along the c-axis, respectively, relative to the unmodified 
composition AlFe2B2; both elemental additions were found to destabilize the compounds’ 
ferromagnetism. It is reported that the saturation magnetization and the magnetic transition 
temperature Tt both decrease from ~290 K to 205 K with the addition of 30 at% Co; fully suppressed 
ferromagnetism is noted upon incorporation of 80 at% Mn [21,22]. The results of computational 
studies conducted by Ke et al. on the AlFe2B2 compound are consistent with these experimental Tt 
trends and predict that the nature of the bonding along the c-axis plays a critical role in the 
ferromagnetic stability within this system. Ke et al.’s results further suggest that chemical modification 
which impacts the interatomic distances along the c-axis will also modify the magnetic properties of 
this system [20]. 
In this current work, the influence of transition metal (Mn, Co, Ni) substitution for Fe and of C for B 
on the interatomic distances and magnetic phase transition temperature (Tt) within the AlFe2B2 system 
is studied. It is determined that these chemical alterations do indeed exert significant influence on in-
plane and out-of-plane bonding, affecting the magnetic phase transition temperature. In addition to 
assessment of literature data, samples of Al1.2(Fe1-xNix)2B2 (x = 0.05, 0.10) and Al1.2Fe2(B1-yCy)2 (y = 
0.1) were synthesized and characterized. Analyses of both experimental and literature lattice parameter 
data allow identification of a systematic trend in the 1-2-2 magnetic transition temperature. These data 
provide quantitative assessment of the interactions between type of substituent, lattice distortion and 
the magnetic phase transition temperature of the AlT2X2 system. Understanding these effects will 
6facilitate tailoring the magnetic response of AlT2X2-type materials for prospective applications such as 
near-room-temperature magnetocaloric cooling [7].
2. Materials and Methods
Compositionally modified samples based on the Al1.2Fe2B2 composition were made by solidification 
from the melt, followed by thermal treatment based on the procedure of Levin et al. [25]. As the 
AlFe2B2 compound forms via a peritectic reaction from the melt, it is necessary to add Al in excess of 
the stoichiometric amount to optimize the 1-2-2 phase fraction. The excess Al contributes to the 
formation of minority Al13Fe4 and FeB phases [25]. Nickel-substituted samples were produced by arc-
melting together Al, (Fe1-xNix), and B (purities > 99.9%) in a 1.2:2:2 stoichiometric ratio, with x = 0.05 
and 0.10. These samples were homogenized by re-melting two times. Samples of composition 
Al1.2Fe2B2 and Al1.2Fe2(B0.9C0.1)2 were synthesized via suction casting to produce rods of 
approximately 5 mm diameter by 4 cm length. Slabs (1 mm thickness x 3 mm width x 5 mm length) 
were sliced from all as-cast ingots using a low-speed diamond saw and were metallographically 
polished to a mirror finish in water. All slices were wrapped with tantalum foil and sealed in evacuated 
quartz ampoules backfilled with a partial pressure of ultra-high purity Ar for annealing at 1040 °C for 
72 hours, using a heating rate of 10 °C per minute followed by furnace cooling. 
The microstructure and composition of the phases present in polished samples was investigated using 
scanning electron microscopy and energy dispersive spectroscopy (SEM-EDS, Hitachi S4800). The Al, 
Fe, and Ni atomic percentages were compared for phase identification since B is not detectable through 
EDS. Energy-dispersive spectroscopy confirmed the nominal sample compositions. 
The crystal structure and phase constitution of samples were examined with Cu-Kα X-ray diffraction 
(XRD, PANalytical X’Pert PRO) at room temperature in the range 10° < 2θ < 80°. Bragg reflections 
obtained from the XRD patterns were fit with a pseudo-Voight function and indexed. The lattice 
parameters were calculated using a least-squares cell-parameter refinement method [26]. The 
7interatomic distances for all AlT2X2 compounds studied were determined using the measured or 
calculated  lattice parameters and the atomic positions of the parent phase where the Al sits at (0,0,0), 
T at (0,y1,1/2) and X at (0,y2,0) determined using the structure type (Cmmm), and have been illustrated 
using crystal maker (Figure 1) [11,27]. Reported variations in the atomic positions for T (y1 ~ 0.354) 
and X (y2 ~ 0.207) vary no more than ~0.1 % for T and ~0.2 % for  X [11,28]. Thus the changes in the 
key interatomic distances (identified in the introduction) should track generally with the changes in the 
lattice parameters.
The ratios of selected interatomic bond distances within the structure were calculated to better 
understand the evolution of the crystal structure with composition. In specific, (T-T)b-axis/(T-T)c-axis 
(Bond 2:Bond 1) ratios and (T-X)b-axis/(T-X)(ac)-plane (Bond 3:Bond 4) ratios were evaluated for the 
samples. The latter ratio provides insight into lattice distortions associated with the (b/a) axial ratio. 
Errors in the lattice parameters and in the atomic bond length ratios are smaller than the size of the 
graph data markers. 
Magnetic data were collected using vibrating sample magnetometry (VSM, Quantum Design model 
VersaLab) as a function of applied field (-3 T < µ0Happ < 3 T at T = 50 K and at 350 K) and as a 
function of temperature (50 K < T < 400 K at μ0Happ = 2 T). The magnetic field was applied parallel to 
the length of the thin sample slices and no demagnetization corrections were applied. The temperature 
sweep-rate for all temperature-dependent magnetic measurements was set at 2 K min-1. The magnetic 
phase transition temperatures Tt were determined as the inflection point of the derivative of the M(T) 
curves measured upon heating in the temperature range 50 K to 400 K at μ0Happ = 2 T. The estimated 
error of Tt is ±2 K. All graphs were generated using Origin Lab 8.1.
3. Results
Results regarding the structural and magnetic properties of the Al1.2(Fe1-xNix)2B2 (x = 0, 0.05, 0.1; 
designated as Ni0, Ni5, Ni10 respectively) and Al1.2Fe2(B0.9C0.1)2 (designated as C10) samples 
8synthesized in this study are combined with analogous data derived from literature reports. This 
information allows deduction and validation of trends that correlate specific lattice parameter 
distortions with magnetic transition temperatures, facilitating prediction of transition temperatures in 
the AlT2X2 system.
3.1 Structural & magnetic character of the Al1.2(Fe1-xNix)2B2 (x = 0.05, 0.1) and Al1.2Fe2(B0.9C0.1)2 
samples synthesized in this study
In their as-solidified state, all samples are found to be multiphase in character, with a majority AlT2X2 
phase and Al13Fe4 and FeB as minority phases; Fe3C is also observed in the carbon-containing sample. 
After annealing, the intensities of the Bragg reflections corresponding to Al13Fe4 and FeB have either 
significantly decreased or vanished entirely, while those of the AlT2X2 phase have sharpened, 
consistent with formation of the 1-2-2 phase at the expense of Al13Fe4 and FeB. Figure 2(a) shows 
XRD patterns for selected Al1.2(Fe1-xNix)2B2 and Al1.2Fe2(B0.9C0.1)2 samples as well as for AlFe2B2, 
Al13Fe4 (JCPDS 29-0042), and FeB (JCPDS 65-2599) [11].
 
Figure 2. (a) XRD patterns for annealed Al1.2(Fe1-xNix)2B2 (x = 0, 0.1) and AlFe2(B0.9C0.1)2 samples 
with standard diffraction data included for AlFe2B2, Al13Fe4, FeB, and Fe3C (b) Magnetization verses 
temperature curves for the Ni0 and C10 samples measured at µ0Happ = 2 T indicate an increase in the 
magnetic phase transition temperature from 284 K to 305 K with carbon addition. 
The a-, b- and c-lattice constants of the 1-2-2 phase increase anisotropically (by 0.1%, 0.1% and 0.2%, 
respectively) with increased Ni concentration in the Al1.2(Fe1-xNix)2B2 samples (Table 1), producing a 
90.4% increase in the unit cell volume relative to that of the unmodified AlFe2B2 lattice. While the c-
parameter of the 1-2-2 phase in the Al1.2Fe2(B0.9C0.1)2 sample also undergoes an expansion of 0.2%, the 
a- and b-parameters of the 1-2-2 phase in this sample contract (by 0.6 % and by 0.2 %, respectively) 
with carbon addition (Table 1) to produce a significant overall unit cell volume contraction of -0.7 %. 
Table 1. Structural and magnetic data of the 1-2-2 phase present in annealed samples of compositions 
Al(Fe1-xNix)2B2 (x = 0, 0.05, 0.1) and Al1.2Fe2(B0.9C0.1)2.
Nominal composition Sample name Tt [K] a [Å] b [Å] c [Å] V [Å3]
Al1.2Fe2B2 Ni0 284(2) 2.924(1) 11.030(1) 2.866(1) 92.4(1)
Al1.2(Fe0.95Ni0.05)2B2 Ni5 288(2) 2.927(1) 11.041(3) 2.869(1) 92.7(1)
Al1.2(Fe0.9Ni0.1)2B2 Ni10 291(2) 2.928(1) 11.043(6) 2.871(1) 92.8(1)
Al1.2Fe2(B0.9C0.1)2 C10 305(2) 2.906(1) 11.008(1) 2.870(1) 91.8(1)
The thermomagnetic data of all annealed samples confirm a ferromagnetic-to-paramagnetic phase 
transition with increasing temperature; a representative plot is shown in Figure 2(b). The addition of 
Ni to the 1-2-2 lattice produces a 60% reduction in the saturation magnetization at T = 50 K but 
donates an increased magnetic transition temperature from Tt = 284 K (Ni0) to Tt = 291 K (Ni10). The 
addition of carbon to the 1-2-2 lattice produces a similar saturation magnetization reduction (54%) at T 
= 50 K while also strongly enhancing the magnetic transition temperature from Tt = 284 K (Ni0) to Tt 
= 305 K (C10), (Figure 2(b)). These data are listed in Table 1. 
3.2 Lattice and Magnetic Transition Temperature Trends in the 1-2-2 System
Data illustrating relationships between lattice distortions and magnetic transition temperatures of the 
AlT2X2 compounds, both synthesized in this work and as reported in the literature, are presented in 
Figure 3 [7,21–23]. Details regarding bond length determinations and variations in the special atomic 
positons of the T and X atoms are described in the experimental section. A maxima in Tt is observed 
with respect to changes in the lattice parameters for the unmodified AlFe2B2 composition, with the 
largest effect observed between the c-parameter and Tt. To facilitate understanding of the electronic 
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and magnetic drivers underlying these noted lattice distortions, the magnetic transition temperature is 
also shown in Figure 4 as a function of specific lattice parameter ratios and associated interatomic 
distance ratios. 
Figure 3. Magnetic transition temperature verses (a) a-parameter (b) b-parameter (c) c-parameter and 
(d) unit cell volume for ▲ Al(Fe1-xMnx)2B2 ■ Al(Fe1-xNix)2B2 X AlFe2(B0.9C0.1)2 ○ Al(Fe1-xCox)2B2 ♦ 
AlFe2B2 compounds. Errors bars are smaller than data point markers.
As noted in Figure 3(a), the AlT2X2 a-parameters range from 2.924(2) Å – 2.936(2) Å and show little 
correlation with Tt (Δamax = 0.4%). The carbon-substituted sample is an exception to this observed 
trend; it has a much smaller a-parameter (2.906(2) Å) and a significantly larger Tt (305 K) than those 
exhibited by the unmodified composition (Figure 3(a), black X symbol). Figure 3(b) displays b-
parameters that range from 11.025(2) Å – 11.057(2) Å (Δbmax = 0.3%). As before, the carbon-
11
substituted sample possesses a significantly smaller b-parameter (b = 11.008(2) Å) combined with an 
enhanced Tt. The Co-containing samples show a strong decrease in Tt with increased b-parameter while 
all other AlT2X2 samples exhibit a minor dependence of Tt on the b-parameter magnitude. The c-
parameter values shown in Figure 3(c) range from 2.859(2) Å – 2.896(2) Å (Δcmax = 1.3%), and exhibit 
the strongest effect on Tt among the three 1-2-2 orthorhombic lattice parameters. This trend is strongly 
dependent on the identity of the specific substitutional element: cobalt incorporation reduces the c-
parameter while manganese additions increase it. In both circumstances the magnetic transition 
temperature Tt is decreased from the maximum values characterizing the parent AlFe2B2 phase. Figure 
3(d) presents the AlT2X2 unit cell volumes which range from 92.5(1) Å3 – 93.9(1) Å3 (ΔVmax= 1.5%); 
again the carbon-substituted sample possesses a significantly different unit cell volume value of V = 
91.8(1) Å3 (Figure 3(d)). The trends of the magnetic transition temperature with unit cell volume 
(Figure 3(d)) closely echo those involving the c-parameter, Figure 3(c).
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Figure 4. AlT2X2 magnetic transition temperature versus (a) (b/c) and (b) (b/a) axial ratios as well as 
the ratio of (c) (T-T)b-axis/(T-T)c-axis and (d) (T-X)along b-axis/(T-X)(ac)-plane interatomic distances for ▲ 
Al(Fe1-xMnx)2B2 ■ Al(Fe1-xNix)2B2 X AlFe2(B0.9C0.1)2 ○ Al(Fe1-xCox)2B2 ♦ AlFe2B2 compounds. Errors 
bars are smaller than data point markers.
In addition to presenting specific lattice parameter behavior, selected axial ratios are correlated with 
magnetic transition temperatures Tt in Figure 4 to more strongly illustrate competitive interactions 
between inequivalent in-plane and out-of-plane lattice distortions. These data are derived both from 
experimental work presented here and from existing literature. The (b/c) axial ratios (Figure 4(a)) 
provide information concerning out-of-plane 1-2-2 lattice distortions traversing the Al layer, separating 
the face-shared X-atom coordination polyhedra, while the (b/a) axial ratios (Figure 4(b)) represent 
(ac)-plane distortions within the X-atom coordination polyhedra (see Figure 1). Figure 4(a) indicates 
that Tt increases quasi-linearly with increasing (b/c) axial ratio to reach a maximum at Tt = 312 K at a 
(b/c) ratio of 3.840(3) that characterizes the unmodified parent AlFe2B2 phase. For yet larger (b/c) 
axial ratios realized upon cobalt and nickel substitution, Tt decreases in a quasi-linear fashion to reach 
a minimum at Tt = 205 K at (b/c) ~ 3.870(3). In contrast to the strong correlation between the (b/c) 
axial ratio and Tt, the (b/a) axial ratios show little correlation with Tt, Figure 4(b); these ratios (with the 
exception of that of the C-substituted sample) fall in a narrow band of values ranging from 3.761(3) to 
3.774(3) (± 0.2 % deviation from the median). The interatomic distance ratio (T-T)b-axis/(T-T)c-axis of 
Figure 4(c), which depicts interatomic distances contributing to the (b/c) axial ratio as introduced 
13
earlier (Bonds 1 and 2 of Figure 1), show a similar Tt dependence, with a maximum value of ~ 
1.122(1) and a minimum value of ~ 1.129(1). The (T-X)(b)-axis/(T-X)(ac)-plane interatomic distance ratio 
trend (Figure 4(d)), analogous to the (b/a) axial ratio trend and consisting of Bonds 3 and 4 of Figure 1, 
shows little correlation with Tt; rather it exhibits a tight clustering of data points ranging from ~ 
1.003(1) to 1.005(1) (±0.1 % deviation from the median), with the C-containing sample lying outside 
of this band. 
4. Analysis and Discussion
Examination of the AlT2X2 system data and trends previously presented allows development of an 
empirical trend that describes systematic interactions between the magnetic transition temperature (Tt) 
and for the magnetic state.  The in-plane and out-of-plane interatomic distances of the AlMn2B2 crystal 
structure, defined in Section 2.2, may be considered as proxies for the strength of electronic 
interactions in this system, reflecting the origins of the coupling between structure and magnetism. 
Carbon substitution for boron illustrates how (X-X) and (T-X) bond alterations in the 1-2-2 system 
affect the a-parameter but not Tt which is mainly dictated by (T-T) bonding.
4.1 In-plane vs. out-of-plane interactions in AlT2X2 
The data displayed in Figure 3 confirm that the AlT2X2 structure is extraordinarily sensitive to precise 
composition: incorporation of 3d transition metals (Mn, Fe, Co, Ni) for T and C for X result in rather 
small alterations in the lattice parameters (< 0.037 Å) but deliver significant magnetic transition 
temperature (Tt) alterations, providing a very broad magnetic transition temperature range of 205 K to 
312 K. Lattice expansion along the c-axis enhances Tt in AlT2X2 compositions that do not contain Mn; 
in fact, the c-parameter largely determines Tt, with the b-parameter relegated to a secondary role. 
Accordingly, Tt is largely determined by the direct (T-T)c-axis interatomic distances (Bond 2 in Figure 
1) within the X coordination polyhedra. This conclusion is consistent with previous reports that the c-
axis in the AlFe2B2 composition undergoes the largest change through the magnetic phase transition 
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[8,20]. Additionally, as Mn is substituted for Fe in the AlFe2B2 composition, both (T-T)b-axis and (T-T)c-
axis interatomic distances increase but in a disparate manner, delivering an overall decrease in both the 
(T-T)b-axis/(T-T)c-axis ratio (Figure 4(c)) and in the magnetic transition temperature. This result signals 
the development of antiferromagnetic interactions between Mn and Fe atoms, as described by Ke et al. 
and suggested by Chai et al. for the AlMn2B2 compound [20,22]. In contrast, incorporation of Co 
causes the (T-T) interatomic distances along both the b- and c-axes to decrease disproportionately, 
delivering an increased (T-T)b-axis/(T-T)c-axis ratio but also reducing Tt from its maximum value [20].
In addition to bonding modification, electronic effects likely also contribute to the observed effects 
reported here. Insight regarding these electronic effects may be gained from the work of Ke et al. and 
Kadas et al. who performed computational studies relating the electronic structure and magnetic 
properties in compositional variants of AlFe2B2 [20,29]. Specifically, Ke et al. used density functional 
theory to study the electronic structure and intrinsic magnetic properties of the Fe2AlB2 compound. 
They found that electron doping modifies the density of states (DOS) of the minority spin channel near 
the Fermi level, which decreases the magnetic moment on the Fe sites. Similarly, Kadas et al. 
determined that metal-metal bond strength in AlM2B2 (M = Cr, Mn, Fe, Co, Ni) compounds decreased 
with increased electron doping, a result attributed to filling of the antibonding states as the 3d band 
occupancy increases.
A rather large distribution of lattice parameters (2.924 ≤ a ≤ 2.931 Å; 11.025 ≤ b ≤ 11.048 Å; 2.861 ≤ c 
≤ 2.878 Å) and magnetic transition temperatures (285.5 ≤ Tt ≤ 312 K) are reported in the literature for 
AlFe2B2. This wide variation may be attributed to the rate of solidification from the melt and to the 
mode(s) of subsequent processing. These procedures are contemplated to contribute to different 
antisite occupancies, producing variations in the 1-2-2 b-axis and in the associated (T-T)b-axis 
interatomic distances (Bond 1 in Figure 1).The (T-T)b-axis interatomic distance traverses the Al atom 
15
layer within the (ac)-plane, suggesting that Al and T atom antisite occupancy or Al-site vacancies 
could alter the Al layer spacing resulting in the distribution of the structural and magnetic properties 
observed for AlFe2B2. This conclusion is supported by, for example, the noted differences in Tt 
reported for arc-melted (Tt ~ 290 K) and melt-spun (Tt = 312 K) samples of Al1.2Fe2B2 nominal 
composition [24,25].
4.2 Effect of carbon substitution on the AlT2X2 lattice and (X-X) bonding
Carbon additions to the 1-2-2 structure are especially interesting: they significantly increase the 
magnetostructural transition temperature (Tt) relative to that of the unmodified composition, while at 
the same time reduce the unit cell volume. This unit cell volume reduction results from contraction of 
the a- and b- parameters relative to those of the unmodified composition, irrespective of the expansion 
observed along the c-axis. The magnitude of the a-axis contraction in the Al1.2Fe2(B0.9C0.1)2 unit cell 
achieved by substitution of 10 at.% C for B is three times larger than that of the b-axis (0.6 % vs. 0.2 
%, respectively). The simultaneous expansion along the c-axis (Δcmax = 0.2%) and increase in Tt of 
Al1.2Fe2(B0.9C0.1)2 relative to the unmodified sample is consistent with the behavior of compositionally 
modified AlFe2-xTxB2 samples. The enhancement of Tt in the Al1.2Fe2(B0.9C0.1)2 sample irrespective of 
the lattice contraction along the a- and b- axes highlights that the lattice contribution to Tt is strongest 
along the c-axis of AlT2X2 compounds. 
Examination of bonding in compounds with structures related to the 1-2-2 structure help to explain 
why carbon incorporation alters the AlT2X2 a-parameter but has little effect on Tt. For example, FeB 
and AlFe2B2 have similar structures, as both contain face-shared Fe atom trigonal prisms containing a 
central B atom with the B-B bonds forming zig-zag chains along the a-axis (structure of AlFe2B2 
shown in Figure 1) [15]. Reports examining B-B and Fe-B bonding within the orthorhombic FeB 
crystal structure (space group Pnma) conclude that altering the B concentration predominately alters 
the strength of (B-B) bonds along the a-axis to modify the a-parameter [15,30,31]. Bonding in FeB is 
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stronger between like atoms ((B-B) and (Fe-Fe)) than between dissimilar atoms ((Fe-B)b-axis and (Fe-
B)(ac)-plane) [15,30]. Therefore as the strength of (B-B) bonds change this has a minor effect on the Fe 
sublattice and (Fe-Fe) bonds in iron borides [15]. Analogously, C substitution in AlT2X2 mainly alters 
(X-X) bonds causing variations in the a-parameter but has little effect the (T-T)c-axis bonding 
responsible for Tt variations.
5. Conclusions
Analyses of both experimental and literature lattice parameter data provide quantitative guidance for 
understanding the interplay between type of substituent, lattice distortions and the magnetic phase 
transition temperature of the AlT2X2 system over a broad range of T and X (T = Mn, Fe, Co, Ni; X = 
B, C) compositions. The AlT2X2 structure is extraordinarily sensitive to composition: incorporation of 
3d transition metals (Mn, Fe, Co, Ni) for T and C for X result in rather small alterations in the lattice 
parameters (< 1.3 %) but significant magnetic transition temperature (Tt) alterations, providing a very 
broad magnetic transition temperature range of 205 K to 312 K. It is found that Ni and C incorporation 
increase the c-parameter and the Tt relative to AlFe2B2. In contrast to the minor expansion in the a- and 
b-parameters with Ni substitution, 10 at.% C substitution for B donates a 0.6% and 0.2% decrease in 
the a- and b-parameters respectively. It is deduced that the (b/c) axial ratio and associated (T-T)b-
axis/(T-T)c-axis interatomic distance ratio dictate the magnetic transition temperature mainly due to the c-
axis and underlying (T-T)c-axis distances. In contrast, the magnetic transition temperature is largely 
independent of the (b/a) axial ratio and the associated (T-X)b-axis/(T-X)(ac) -plane interatomic distance 
ratio. Overall, these results are attributed to the dependence of Tt on the specifics of the Fe sublattice 
occupancy, electronic state and T-T bonding.
The proposed empirical trend may hold technological relevance in designing the next generation of 
rare-earth-free magnetic cooling materials by providing an assessment of the interactions between the 
1-2-2 lattice and magnetic transition temperatures within the AlT2X2 system over a large operating 
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temperature range spanning 200-320 K to accommodate cooling applications that employ a cascaded 
design of compositionally graded materials. Alternative synthesis methods involving application of a 
tensile force along the c-axis of crystallographically-oriented bulk samples or epitaxially grown thin 
film samples may be additional mechanisms for transition temperature modification within the 
AlFe2B2 system. 
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Figure 1. The orthorhombic Cmmm-type crystal structure of Mn2AlB2 consists of layers of transition-
metal (T) trigonal prisms each containing a central X atom. T-X polyhedra are arranged in the (ac) 
plane and separated by an interface of Al atoms along the b-axis. Four key bonds labeled as 1 – 4 
denote the (T-T)b-axis, (T-T)c-axis, (T-X) b-axis, and (T-X)(ac) plane interatomic distances 
respectively and are further described in the text.
Figure 2. (a) XRD patterns for annealed Al1.2(Fe1-xNix)2B2 (x = 0, 0.1) and AlFe2(B0.9C0.1)2 samples 
with standard diffraction data included for AlFe2B2, Al13Fe4, FeB, and Fe3C (b) Magnetization verses 
temperature curves for the Ni0 and C10 samples measured at µ0Happ = 2 T indicate an increase in the 
magnetic phase transition temperature from 284 K to 305 K with carbon addition. 
Figure 3. Magnetic transition temperature verses (a) a-parameter (b) b-parameter (c) c-parameter and 
(d) unit cell volume for ▲ Al(Fe1-xMnx)2B2 ■ Al(Fe1-xNix)2B2 X AlFe2(B0.9C0.1)2 ○ Al(Fe1-xCox)2B2 ♦ 
AlFe2B2 compounds. Errors bars are smaller than data point markers.
Figure 4. AlT2X2 magnetic transition temperature versus (a) (b/c) and (b) (b/a) axial ratios as well as 
the ratio of (c) (T-T)b-axis/(T-T)c-axis and (d) (T-X)along b-axis/(T-X)(ac)-plane interatomic distances for ▲ 
Al(Fe1-xMnx)2B2 ■ Al(Fe1-xNix)2B2 X AlFe2(B0.9C0.1)2 ○ Al(Fe1-xCox)2B2 ♦ AlFe2B2 compounds. Errors 
bars are smaller than data point markers.
